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Introduction
With few exceptions, curative treatment protocols in clinical oncology remain reliant upon a combination of surgical resection, ionizing radiation, and cytotoxic chemotherapy. However, in many cases, the full potential of these modalities is limited by off-target effects and dose-limiting toxicities. Even when side effects can be effectively managed, durable responses are difficult to achieve, particularly in cases characterized by refractory, metastatic disease. To address these shortcomings, there has been a trend in drug discovery to develop targeted therapies capable of modulating signaling axes dysregulated in cancers. There are now many FDA-approved Abs (1) and small molecules (2) that allow for therapeutic manipulation of a myriad of clinically relevant targets. Collectively, these drugs have proven beneficial but not transformative (3); metrics of efficacy are often measured in progression-free survival rather than improved overall survival. To date, the complex biology that drives tumorigenesis has been, for the most part, unyielding to single-agent, targeted treatments.
While limited as monotherapies, the value of these drugs lies in their ability to be used with the classic aforementioned treatment modalities. By augmenting standard treatment protocols with inhibitors targeting signaling pathways known to be important within a particular patient, meaningful improvements in efficacy have been obtained within a small subset of individuals. However, most patients remain refractory even to these combination treatments, emphasizing the need for new molecular entities that have direct antitumor activity, but more importantly, act synergistically with surgery, radiation, and/or chemotherapy.
One target that has shown promise in many cancers is AXL, a member of the TAM family of receptor tyrosine kinases that also includes TYRO3 and MER (4, 5) . Upregulated in many forms of cancer (6) , AXL overexpression has been linked to metastasis (7, 8) , poor survival (9) (10) (11) , and drug resistance (12, 13) . Critically, AXL-deficient mice have mild phenotypes (14) , suggesting complete abrogation of signaling through the AXL receptor would confer minimal on-target toxicity. Furthermore, AXL has a single ligand, growth arrest-specific 6 (GAS6) (15, 16) , and constitutive activation is rarely observed in tumors, leaving GAS6-mediated signaling as the primary driver of pathogenesis. Nevertheless, an unusually strong binding affinity between GAS6 and AXL of approximately 30 pM (17) has made the development of competitive antagonists challenging.
We showed that administration of a soluble AXL decoy receptor (18) (19) (20) (21) is an effective therapeutic strategy that circumvents the native affinity barrier ( Figure 1A ). The AXL receptor contains 2 distinct GAS6-binding epitopes: a high affinity site on its N-terminal Ig-like domain and a low affinity site on the second Ig domain (22) . Previously, we engineered the major site on AXL Ig1 using a combination of rational and combinatorial protein-engineering methods (17) . The result of these efforts was MYD1, a high-affinity AXL variant containing 4 mutations that conferred improved binding
The AXL receptor and its activating ligand, growth arrest-specific 6 (GAS6), are important drivers of metastasis and therapeutic resistance in human cancers. Given the critical roles that GAS6 and AXL play in refractory disease, this signaling axis represents an attractive target for therapeutic intervention. However, the strong picomolar binding affinity between GAS6 and AXL and the promiscuity of small molecule inhibitors represent important challenges faced by current anti-AXL therapeutics. Here, we have addressed these obstacles by engineering a second-generation, high-affinity AXL decoy receptor with an apparent affinity of 93 femtomolar to GAS6. Our decoy receptor, MYD1-72, profoundly inhibited disease progression in aggressive preclinical models of human cancers and induced cell killing in leukemia cells. When directly compared with the most advanced anti-AXL small molecules in the clinic, MYD1-72 achieved superior antitumor efficacy while displaying no toxicity. Moreover, we uncovered a relationship between AXL and the cellular response to DNA damage whereby abrogation of AXL signaling leads to accumulation of the DNA-damage markers γH2AX, 53BP1, and RAD51. MYD1-72 exploited this relationship, leading to improvements upon the therapeutic index of current standard-of-care chemotherapies in preclinical models of advanced pancreatic and ovarian cancer. 1 both engineered proteins, we further define the correlation between the affinity of the decoy to GAS6 and antitumor efficacy achieved in vivo. The second-generation decoy receptor was well tolerated and outperformed the current lead clinical AXL small molecule inhibitor when directly compared. Finally, we uncovered a relationship between AXL and the DNAdamage response and leveraged this to improve the therapeutic index of standard-of-care cytotoxic chemotherapies in preclinical models of pancreatic and ovarian cancers.
Results
Engineering a second-generation decoy receptor. In our original work, an error-prone library was created using the WT AXL Ig1 domain as a template and placed into the yeast display system (23) . After 6 rounds of flow cytometric sorting, the library was enriched for 3 AXL variants with improved binding to GAS6 (17) . While only 3 variants were present after the sixth and final round of sorting, substantial diversity was retained in earlier sort products. To evaluate whether further increased GAS6-binding affinity could improve antitumor efficacy, we performed sequence analysis on the sort 5 products to identify additional gain-offunction mutations. A total of 141 clones were sequenced, yielding 25 unique variants. Three mutations were found to occur in at least 20% of these unique variants: A72V, D87G, and V92A, the latter 2 to GAS6. The characterization of MYD1 revealed a strong correlation between GAS6-binding affinity and therapeutic efficacy of the AXL decoy receptor in preclinical models of cancer metastasis (17) .
Here, we report the engineering and characterization of a second-generation AXL decoy receptor that binds both mouse and human GAS6 more tightly than our original molecule. Using 350-fold increase over WT AXL, and also bound more strongly to mouse GAS6 with an apparent affinity of 140 fM (). Structural basis of high-affinity binding. To elucidate the structural origins underlying the affinity increase, the GAS6/MYD1-72 cocomplex was crystallized. This structure, along with the WT (PDB: 2C5D) (22) and MYD1 (PDB: 4RA0) (17) cocomplexes, use the AXL Ig1-Ig2 and GAS6 LG1-LG2 fragments to produce a 2:2 cocomplex. Despite significant effort and successful growth of crystals under several different conditions, only a low-resolution structure (3.5 Å) was obtained (Supplemental Figure 3 and Supplemental Table 3 ). While the low resolution precluded detailed analysis of interresidue contacts, no significant backbone changes were observed relative to the MYD1 structure (Cα root mean square deviation [RMSD] 0.2 Å), particularly within the regions around residue 72 and within helix A on GAS6 (Supplemental Figure 3) .
In an effort to improve crystal quality, we simplified the structure by truncating AXL, complexing only MYD1-72's high-affinity Ig1 domain with GAS6, and were able to generate a high-resolution structure at 2.3 Å (Figure 1B and Supplemental Table 3 ). When compared with the GAS6/MYD1 structure (PDB: 4RA0, at 3.4Å), the intermolecular contacts across the interface were similar. Importantly, analysis of the binding interface at high resolution supports previous conclusions using the GAS6/MYD1 structure. Specificalof which are contained in MYD1 (Supplemental Table 1 ; supplemental material available online with this article; doi:10.1172/ JCI85610DS1). When mapped onto the GAS6/MYD1 structure (PDB: 4RA0), residue 72 was distant from the 4 mutations already contained in MYD1. Furthermore, the structural rearrangements observed on the GAS6/MYD1 structure (17) did not occur near position 72 (Supplemental Figure 1) . The high frequency of A72V in the enriched pool indicated that it likely improved binding to GAS6, and its isolation in 3D space on the structure suggested it would improve the affinity of MYD1 to GAS6. To test this empirically, we recombinantly expressed an AXL Ig1 variant containing the A72V point mutation. The A72V mutation did not disrupt the overall folding of the protein (Supplemental Figure 1) , and the mutant was determined to bind GAS6 with an affinity of 5.8 pM, 5 times stronger than WT AXL Ig1 (Table 1, Supplemental Figure  2, and Supplemental Table 2 ). Encouraged by these results, we then combined A72V with MYD1, yielding an AXL variant (MYD1-72) with an affinity for GAS6 of 720 fM (Table 1) . Using thermodynamic cycle analysis (Supplemental Figure 2) , contributions from A72V were determined to be nearly completely additive with the preexisting mutations in MYD1, illustrating the independent nature of this mutation. When reformatted as an Fc fusion, MYD1-72 Fc had an apparent binding affinity to human GAS6 of 93 fM, a Fc-and foretinib-treated groups only. Toxicity from foretinib treatment required half of the mice to be prematurely removed from the study. (D-G) Representative images and matched quantification of Ki67, TUNEL, γH2AX, and vWF staining of primary tumor tissue. Error bars represent mean ± SD. n = 6-12. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Scale bars: 50 μm. Repeated measure ANOVA was used for measurement over time, and ANOVA with Tukey-Kramer test was used for comparing multiple treatment to each other. is the most advanced of these compounds and the first to be developed prospectively as an AXL inhibitor (26) . Given the positive clinical results seen thus far with BGB324, we hypothesized that it would serve as a good benchmark of comparison for MYD1-72 Fc. Furthermore, since tyrosine kinase inhibitors (TKIs) and biologics are fundamentally very different, as are their mechanisms of action, a direct comparison would provide valuable insights into the potential of distinct therapeutic intervention strategies.
We therefore compared the antitumor effects of MYD1-72 Fc to BGB324 and another TKI with significant activity against AXL, foretinib (27) , in the 4T1-luciferase model. Cells were implanted orthotopically in the mammary fat pad, and primary tumors were allowed to establish prior to treatment. Mice were then randomized into 1 of 4 treatment groups: saline, MYD1-72 Fc daily at 1 mg/ kg, BGB324 twice daily at 12.5 mg/kg, or foretinib twice daily at 12.5 mg/kg. This dose for the TKIs was chosen as significant activity has been previously reported at equivalent concentrations (26, 28) . Mice were treated for 3 weeks or until they showed signs of morbidity, at which point they were removed from the study.
Both MYD1-72 Fc and foretinib significantly reduced the size of primary tumors compared with control mice, while BGB324 showed little effects ( Figure 3, A and B) . This was notable because, with the exception of AML, AXL has historically been a driving force of metastatic disease, showing little effect on cellular growth in vitro or primary tumor growth in vivo (8) . Though antitumor efficacy was seen in the foretinib-treated group, substantial toxicity was also present, requiring half of the mice to be sacrificed prior to the study endpoint ( Figure 3C ). Immunohistochemistry was performed on sections of primary tumor from each treatment group to study the mechanism underlying the reduction in growth. Staining for the proliferation marker Ki67 revealed all treatment groups had significantly less proliferation within the primary tumor compared with control animals ( Figure 3D ). Complimenting this, there ly, the N-terminal capping of helix A on GAS6 that we reported in the MYD1 cocomplex was conserved in the MYD1-72 cocomplex. These observations serve as structural confirmation that A72V and the preexisting mutations in MYD1 act independently.
While the intermolecular contacts at the binding interface were similar between the 2 structures, substantial differences in the region around position 72 were observed. First, in the MYD1-72 structure, a single additional electrostatic interaction was observed on the backside of the complex within the loop containing position 72 ( Figure 1C) . Second, local packing within the core of AXL is markedly different (Figure 1C) , as the increased volume of the valine side chain permits more efficient side-chain packing and thus a lower void volume. As a result, several van der Waals contacts are gained, further strengthening the core structure of MYD1-72 (Supplemental Table 4 ). Together, these 2 features likely serve as the structural basis for the improvements in affinity seen in the A72V mutant.
MYD1-72 Fc has improved anti-tumor efficacy. AXL is a known survival factor in acute myeloid leukemia (AML) (24) , as cytotoxicity is seen when signaling through the receptor is antagonized. To test whether the enhanced affinity of MYD1-72 Fc would equate to increased activity, we initially characterized the effects of the decoy receptors on the in vitro growth of 2 human AML cell lines: OCI-AML3 and MV4:11. While OCI-AML3 cells are WT for FLT3, MV4:11 cells contain an internal tandem duplication (ITD) of the FLT3 receptor, resulting in constitutive activation. FLT3 ITD remains a significant clinical challenge and is associated with poor prognosis (25) . Treatment with WT AXL Fc, MYD1 Fc, or MYD1-72 Fc inhibited AXL and FLT3 phosphorylation (Figure 2A ), and cytotoxicity was observed in a dose-dependent manner, independent of FLT3 status ( Figure 2B ). Importantly, the improved affinity of MYD1-72 Fc compared with MYD1 Fc correlated with enhanced activity ( Figure 2B ).
To determine whether the increase in activity would translate in vivo, we evaluated how well MYD1 Fc and MYD1-72 Fc could systemically sequester endogenous GAS6. To ensure that potential improvements could be quantified, a dose of 0.5 mg/kg was used, which is the in vivo IC 50 of MYD1 Fc, as previously determined using the same assay (17) . Mice were administered MYD1 Fc or MYD1-72 Fc, and serum samples were obtained at time points up to 36 hours after injection. The amount of free, circulating GAS6 (i.e., not neutralized by the decoy receptor) was then quantified. Both molecules rapidly eliminated free GAS6 upon administration, though MYD1-72 Fc suppressed GAS6 levels longer than MYD1 Fc ( Figure 2C ), highlighting its improved pharmacodynamic (PD) profile. These improvements were not due to differences in the clearance rates of the molecules, as the PK profile of MYD1-72 Fc was similar to what was previously reported for MYD1 Fc ( Figure 2C ).
To directly study the consequences of MYD1-72 Fc's improved PD, we used both decoy receptors as treatments in the 4T1-luciferase breast cancer model of metastasis. In this model, cells orthotopically implanted in the mammary fat pad generate primary masses that metastasize to the lungs. Four days after tumor implantation, mice were treated with either MYD1 Fc or MYD1-72 Fc at the suboptimal dose of 0.5 mg/kg. After 3 weeks of treatment, mice receiving MYD1-72 Fc had sig- was also more intratumoral apoptosis in the treatment groups ( Figure 3E ). To further understand the increased apoptosis rate, we stained for γH2AX, a marker of DNA double-strand breaks. All treatment groups showed elevated levels of γH2AX compared with controls; however, tissue samples from MYD1-72 Fc-treated animals had significantly more γH2AX-positive cells compared with all other treatment groups ( Figure 3F ). While AXL has been linked to VEGF signaling and endothelial cells (29, 30) , no changes in vessel density were observed across the groups ( Figure 3G ). MYD1-72 Fc and foretinib also demonstrated activity against metastatic disease, as seen by a 71% and 55% reduction in lung metastases, respectively, compared with vehicle-treated mice ( Figure 4 , A and B). In contrast, BGB324 had a modest, 10%, decrease that was not significantly different than that in control animals. Throughout the study, both MYD1-72 Fc and BGB324 were well tolerated with no visible signs of toxicity, as animal weight remained consistent across treatment groups ( Figure 4C ).
To further understand these differences among MYD1-72 Fc, foretinib, and BGB324, we examined changes in the phosphorylation of AXL, MER, TYRO3, and downstream Akt signaling in vitro upon treatment with each. MYD1-72 Fc significantly reduced pAXL and pAkt levels, while pMER and pTYRO3 remained relatively unchanged ( Figure 4D ). These data indicate that MYD1-72 Fc is specific at attenuating the AXL-signaling cascade, achieving significant efficacy without noticeable off-target effects. In contrast, BGB324 treatment resulted in short-term inhibition of pAXL, but increased pAXL levels at later time points ( Figure 4D and Supplemental Figure 4 ). While efficacious, the promiscuity of foretinib, which indiscriminately inhibited all TAM receptors (Figure 4D and Supplemental Figure 4 ), was likely responsible for the significant toxicity observed.
Collectively, these data demonstrate that MYD1-72 Fc compares favorably to anti-AXL TKIs currently being evaluated in the clinic, both in terms of safety and efficacy. Specifically, MYD1-72 Fc recapitulates the efficacy of foretinib without the aforementioned toxicity, while achieving greater antitumor effects than BGB324.
AXL signaling augments the DNA-damage response. AXL signaling is known to be a critical driver of tumor progression and drug resistance (12, 31) , leading to interest in combining AXL inhibitors with other targeted therapies. Our data suggest that inhibiting AXL induces a DNA-damage response, as demonstrated by elevated γH2AX levels in the primary tumors of the 4T1 study ( Figure 3F ). To further interrogate the link between AXL and the DNA-damage response, we first performed immunofluorescence staining to detect γH2AX foci in ovarian cancer cells treated with 0.1 μg or 10 μg of MYD1-72 Fc. While cells treated with MYD1-72 Fc in complete media showed no changes across treatments (Figure 5A ), treatment done under serum-limited conditions resulted in a significant increase in the number of γH2AX foci compared with untreated controls (Figure 5A ), suggesting that a DNAdamage response is activated upon inhibition of AXL signaling.
To further understand this relationship, we performed a reverse phase protein array (RPPA) on shAXL cell lines and WT cell lines treated with MYD1-72 Fc (Supplemental Figure 6) . We found Akt, mTor, and P70SK6 to be differentially expressed in all data sets (Supplemental Figure 6-8) , demonstrating the fidelity of both assay and samples, as these downstream effectors are known to be controlled in part by AXL signaling (32) . Interestingly, key components of the DNA-damage response (XRCC1/ CHK2) as well as some proapoptotic members of the BCL-2 pathway (BAX/BID) were highly upregulated in the shAXL cell lines (Supplemental Figure 7) and when WT cells were treated with MYD1-72 Fc continuously for 7 days in low serum (1% FBS) (Supplemental Figure 7 and 9 ). In addition, we performed Western blot analysis to examine expression levels of classical DNA-damage response components, including total and phosphorylated ATM, ATR, CHK1, CHK2, and RPA32 ( Figure 5B ), at 4 time points after MYD1-72 treatment. We saw induction of pATM and pATR at early time points, followed by increased phosphorylation of both CHK1 and CHK2. Elevated pRPA32 levels were also observed (as shown by the doublet band on the total RPA32 blot), suggesting replication stress. These data suggest that the loss of AXL signaling can modulate DNA-damage response signaling in tumor cells under stress conditions such as nutrient deprivation.
To interrogate the nature of the DNA-damage response, we immunofluorescently stained cells treated with MYD1-72 Fc for 53BP1 and RAD51 foci. Under serum-limited conditions, treatment with MYD1-72 Fc increased the numbers of both 53BP1 and RAD51 foci (Supplemental Figure 5) , further supporting our hypothesis that loss of AXL signaling promotes a DNA-damage response. Intrigued by the RPA phosphorylation observed following AXL inhibition ( Figure 5B), we performed EdU labeling and costaining of cells for γH2AX ( Figure 5C ). These experiments allow a better understanding of whether the γH2AX signaling previously observed following AXL inhibition was occurring in EdU-positive/S phase cells, suggesting a link between AXL inhibition and replication stress. Figure 5D shows the percentage of γH2AX-positive cells upon treatment with MYD1-72 Fc. This result supports the previous observation that treatment with MYD1-72 Fc induces γH2AX signal in cancer cells. There was a minor difference in the number of S phase cells between control and MYD-72 Fc-treated groups that is unlikely to alone account for the difference in distribution of the γH2AX signal ( Figure 5E ). Interestingly, we observed that in the MYD-72 Fc-treated group, 85% of cells that were γH2AX positive were also in S phase/EdU positive (Figure 5F ), while only 7% of non-S phase cells (EdU negative) were positive for γH2AX (Supplemental Figure 5) .
Furthermore, cells treated with hydroxyurea (Hu) in the presence and absence of MYD1-72 Fc showed comparable numbers of γH2AX-positive cells, and no additive effect was observed when the 2 compounds were used in combination (Supplemental Figure 5 ). Together, these results suggest that AXL inhibition may contribute to replication stress, resulting in increasing DNA-damage signaling.
That these effects were observed only under serum-limited conditions is further indication that GAS6/AXL signaling provides a cytoprotective effect for tumor cells placed under stress, such as growth factor deprivation. These results provide the rationale for combining AXL inhibitors and DNA-damaging agents, such as radiation and chemotherapy, to enhance their therapeutic index.
Inhibiting AXL improves the standard of care. Clinical management of ovarian cancer remains a challenge, as patients often present with advanced metastatic disease at the time of diagnosis. Treatment for these patients is limited and entails surgical debulking followed by combination chemotherapy; however, tumor response rates remain poor (33) . Coincidently, ovarian cancer represents an ideal setting to test the combination of AXL inhibitors and DNA-damaging agents, as patients are in critical need of new treatment options that can enhance the effects of standard-of-care chemotherapy.
We therefore treated ovarian cancer cells with MYD1-72 Fc either alone or in combination with doxorubicin in vitro and assessed levels of DNA damage by staining the cells for γH2AX foci. Cells treated with MYD1-72 Fc alone showed a significant increase in the number of γH2AX foci compared with untreated controls; however, γH2AX levels were further elevated when doxorubicin was also present ( Figure 5A ). These data further support the link between inhibition of AXL signaling and the DNA-damage response and suggest that a synergistic effect can be achieved when anti-AXL therapies are combined with cytotoxic chemotherapy.
To see whether these results would translate in vivo, we evaluated the efficacy of MYD1-72 Fc alone and in combination with doxorubicin in 2 models of human ovarian cancer, the OVCAR8 and skov3.ip models. For both models, cells were injected i.p. where they were allowed to establish for 1 week prior to treatment. At this time, several mice were sacrificed at random to ensure engraftment of diffuse metastatic disease, a hallmark of the human condition. Mice were then randomized into 1 of 4 treatment groups: saline, MYD1-72 Fc at 1 mg/kg daily, doxorubicin at 2 mg/kg twice weekly, or a combination of MYD1-72 Fc and doxorubicin. After 3 weeks of treatment, mice were sacrificed and tumor burden was quantified by counting the number of visible lesions as well as excising and weighing all diseased tissue.
In the OVCAR8 model, MYD1-72 Fc had significant antitumor effects, reducing tumor burden by 95% as a single agent ( Figure  6A ). While similar effects were obtained using doxorubicin alone, combination treatment resulted in nearly undetectable levels of disease. Each mouse receiving both therapies had on average 2 and at most 3 macroscopic metastases, while the mean number in the control group was in excess of 750 ( Figure 6A, inlaid graph) . A similar degree of diminishment was observed when comparing cumulative metastatic mass ( Figure 6A ). (38) were implanted s.c. into the flanks of mice and allowed to grow until they reached approximately 500 mm 3 in size. To establish orthotopic tumors, mice harboring s.c. tumors were sacrificed and tumors were isolated and cut into small fragments. Laparotomies were then performed, and a tumor fragment was secured to the tail of the pancreas. Four days after engraftment, mice were randomized into 1 of 4 treatment groups: saline, MYD1-72 Fc at 1 mg/kg daily, gemcitabine at 100 mg/kg twice weekly, or a combination of MYD1-72 Fc and gemcitabine. Dosing continued until a mouse showed significant signs of morbidity, at which time it was removed from the study.
Direct engraftment of tumor tissue to the pancreas yielded a rapidly progressing primary tumor, with a median survival in the control group of 17 days ( Figure 7 and Table 2 ). As single agents, MYD1-72 Fc showed no activity with a median survival of seventeen days, while gemcitabine doubled median survival to 35 days. As in the ovarian models, combining MYD1-72 Fc and chemotherapy showed significantly greater efficacy over either therapy alone, as median survival was tripled to 57 days ( Figure 7 and Table  2 ). Across treatment groups, animals succumbed to large primary tumor masses rather than diffuse metastatic disease. To determine whether increased sensitivity to DNA damage was the mechanism driving the effects seen in the combination group, immunohistochemistry was performed on primary tumor tissue samples. Ki67 staining showed a small, albeit significant decrease in proliferation within the gemcitabine-treated group ( Figure 8A ), while vessel density remained unchanged ( Figure 8B ). Intratumoral apoptosis was significantly increased in all treatment groups compared with controls, particularly in those animals administered MYD1-72 Fc despite the fact that the decoy receptor alone demonstrated negligible effects on overall survival ( Figure 8C ). Most notably, although MYD1-72 Fc treatment had a small effect on DNA damage, the combination of MYD1-72 Fc and gemcitabine significantly increased the amount of γH2AX staining compared with all other groups ( Figure 8D ). These results strengthen the link between AXL inhibition and the DNA-damage response and, in combination with the data from the 4T1 and ovarian cancer models, highlight it as an important mechanism across cancer types. Furthermore, along with the ovarian cancer studies, these data convincingly demonstrate that this relationship can be exploited to achieve meaningful improvements in overall response rates over what can be realized by current clinical standards of care.
Discussion
As our understanding of the molecular basis of cancer has improved, a number of dysregulated signaling pathways responComparatively, the skov3.ip model was more aggressive, with mice in the control group having nearly 3 times as much tumor tissue, by weight, at the conclusion of the study as in the OVCAR8 study ( Figure 6B ). Under these conditions, using the number of nodules as a measure of tumor burden became misleading, as lesions grew into one another, resulting in a smaller number of larger metastases. Even in this more advanced setting, MYD1-72 Fc and doxorubicin had significant antitumor activity, decreasing tumor burden by 51% and 91%, respectively ( Figure 6B ). The combination of these 2 agents was once again effective, as animals in the combination group had, on average, 99% less tumor by weight than controls. Furthermore, within this group, 3 out of 10 animals were completely cured with no evidence of disease ( Figure 6B , inlaid graphs). Together, these 2 studies support the in vitro findings that AXL inhibition modulates the DNA-damage response and demonstrate that antagonizing the GAS6/AXL signaling axis can be leveraged to improve the therapeutic index of chemotherapy.
Successful inhibition of AXL carries with it little risk of on-target toxicity, as seen in the AXL-knockout mouse (14) . However, broad inhibition of the TAM family can lead to severe toxicities. For example, autoimmune diseases are common in the TAM triple-knockout mouse (14) and disruption of the retinal pigmented epithelium (RPE) can lead to blindness when signaling through MER is abrogated (34) . Furthermore, concurrent inhibition of AXL and MER has been shown to enhance tumor growth in certain types of cancer (35) . To ensure the decoy receptors were specifically targeting AXL in vivo, we performed histology to assess the integrity of the RPE in mice from the skov3.ip experiment. Across all treatment groups, the RPE was healthy and normal, indicating that requisite signaling through other TAM family members, specifically MER, is preserved ( Figure  6C) . Additionally, histological analysis on the liver, lung, and kidney from these animals showed no histological abnormalities across treatment groups, indicating a lack of gross toxicity ( Figure 6C) .
Combination treatment improves overall survival of pancreatic cancer. Similar to recurrent ovarian cancer, pancreatic cancer represents a largely intractable clinical challenge. The primary tumor location makes early detection improbable, and patients often present with advanced disease, as illustrated by 5-year survival rates of around 6% (36) . Even when surgery is feasible, adjuvant chemotherapies are nearly ubiquitously administered in the form of the pyrimidine antagonists gemcitabine or fluorouracil (5-FU) (37) . Pancreatic cancer thus represents an additional clinical setting in which improved therapies are desperately needed and standard treatment includes DNA-damaging agents.
To examine whether the synergistic effects seen in the ovarian models were indicative of a general phenomenon broadly applicable to clinical oncology, MYD1-72 Fc was tested alone and in com- No click refers to the negative control for EdU staining (E). The percentage of γH2AX-positive cells that are in S phase (EdU positive) between control and MYD1-72 Fc-treated group is shown in F. n = 3. *P < 0.05; ****P < 0.0001. Scale bars: 15 μm. ANOVA with Tukey-Kramer test was used for comparing multiple treatments to each other, and Student's t test was used for comparing single treatments to the control. Inlaid graphs are expanded views of a subset of the complete data set to highlight differences between treatment groups. The eyes, liver, lungs, and kidneys of mice in the OVCAR8 study (C) were analyzed for histological signs of toxicity. Treatment with MYD1-72 Fc did not result in ocular toxicity; as the integrity of the RPE (arrows) was maintained, no histological abnormalities were present across treatment groups. Representative images are shown from each treatment group. n = 7-10. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. One critical detail of this study was the dosages that were chosen. Initial studies outlining the development of BGB324 achieved efficacy at 7 mg/kg twice daily, but other studies more consistently used dosages in excess of 100 mg/kg twice daily (26) . This high dose is in line with what is often used when evaluating TKIs preclinically, most likely because a negative result at these elevated doses would be definitive. However, clinically, the total daily dose of approved TKIs in oncology is, with few exceptions, less than 12 mg/kg (Supplemental Table 5 ). Though differences in how a drug behaves in mice and human subjects invariably exist, doses that exceed what is realistically achievable in the clinic by over an order of magnitude can skew preclinical results. As a result, we chose to dose both foretinib and BGB324 at 12.5 mg/kg twice daily. For MYD1-72 Fc, we dosed mice at 1 mg/kg daily. We have previously shown that this dosing regimen is equivalent to 10 mg/kg administered biweekly and thus chose daily dosing, as it reduced the total protein administered by nearly two-thirds.
When directly compared, the efficacy of MYD1-72 Fc was equivalent to that of the best TKI tested, foretinib. However, severe toxicity undermined foretinib's results, as half of the treatment group was removed from the study prior to the predetermined endpoint due to excessive morbidity. This highlights one of the confounding issues of using elevated doses of TKIs; the high homology of kinases results in off-target activity of even the most specific inhibitors. This promiscuity was observed in the clinic as well. In a recent phase II trial, foretinib failed to demonstrate efficacy despite the observation of treatment-related adverse events in 91% of patients (42) . Furthermore, within our study, BGB324 was largely ineffective when dosed at 12.5 mg/kg twice a day, having only a marginal effect on metastatic disease. It should be sible for driving disease progression have been identified. Efforts have been made to exploit these pathways as targets for therapeutic intervention, with the expectation that drugs capable of modulating them would deliver previously unachievable efficacy. In practice, however, the genetic instability and hypermutation rates of cancer, coupled with the redundancy often built in to biological systems, have undermined the importance of singular targets. In the presence of this confluence of factors, resistant mutations arise and compensatory signaling pathways become upregulated, limiting the utility of specific inhibitors. As an illustration, clinical trials for some new molecular entities prospectively set progression-free survival as the primary endpoint (39) , highlighting the difficulty in achieving meaningful advancements in overall survival. These observations suggest that, while the development of new targets is critical, priority should be given to those that have the potential to act in synergy with, and increase the therapeutic index of, established treatment modalities. The AXL receptor fits this description. AXL initially attracted attention because of the fundamental roles it plays in driving tumor progression and metastatic dissemination, but more recently, relationships between the receptor and other disease pathways have emerged. The intersection of these two features has thus made AXL an ideal oncology target.
There is a critical need for the development and characterization of anti-AXL therapeutics. To this end, a pipeline of AXL antagonists has been generated that largely comprises small molecule kinase inhibitors (40) . The paucity of biologics under clinical development can be attributed to the comparatively poor binding affinity of the mAbs described to date, as the strength of the native GAS6/AXL interaction is orders of magnitude stronger than each mAb. As an example, several generations of anti-AXL Abs were developed with affinities to the receptor in the nanomolar range (7, 41) . When tested in preclinical models, modest antitumor effects were seen, hinting at the value of the target while highlighting the difficulties inherent to inhibiting AXL.
We have previously demonstrated that the use of an engineered AXL decoy receptor is an effective way to exploit the native interaction itself in order to overcome this affinity barrier. Here, by developing a second-generation decoy receptor, we further validate this approach and more clearly define the relationship between the affinity of our AXL antagonists and antitumor effects achieved in vivo. This reengineered molecule, MYD1-72, combines an additional beneficial mutation, allowing it to attain a subpicomolar affinity to GAS6. Comparisons of the first-and secondgeneration receptors demonstrated that this improved binding affinity was critical for achieving optimal efficacy. Importantly, at 93 fM, the apparent affinity of the final MYD1-72 Fc construct represents one of the strongest protein-protein interactions reported. An additional feature of MYD1-72 is that it binds strongly to both mouse and human GAS6. The original MYD1 showed no increase in binding to mouse GAS6, preventing it from effectively neutralizing endogenous mGAS6 in preclinical models. By binding both orthologs with exceptionally high affinity, MYD1-72 overcomes this challenge, and thus the efficacy obtained in our mouse models is more representative of what could be achieved clinically.
One major challenge when interpreting the results of preclinical models is that their multivariable nature precludes an accurate assessment of efficacy in the absence of a known, internal control. DNA-damaging agents have long been used to exploit cancer's hyperproliferative state, and modulation of the damage response through the abrogation of AXL signaling was shown to increase the therapeutic effects of these drugs both in vitro and in vivo. In fact, this effect was so pronounced that the reduction of tumor burden in models of human ovarian cancer exceeded 99% and in some cases resulted in complete cures. A confounding aspect of our studies is that substantial differences exist between the in vivo models used, making direct comparisons less straightforward. However, that these effects were observed in multiple tumor models suggests that the relationship between AXL and the DNAdamage response is one that transcends cancer subtypes. These results offer the possibility of improving the therapeutic index of many standard-of-care chemotherapies, potentially providing a meaningful advancement in the care of many patients with refractory disease. Moving forward, additional studies exploring whether other DNA-damaging modalities, such as radiation, would benefit from concurrent AXL inhibition are justified. Furthermore, clinical studies combining candidate AXL inhibitors with cytotoxic agents would provide a clear advantage when evaluating efficacy.
Collectively, this study expands the role that AXL plays in tumor progression and the development of therapeutic resistance. By implicating the receptor as an important regulator of the DNA-damage response, there is the exciting possibility that anti-AXL therapies can be broadly used to chemosensitize in a myriad of malignancies. Our second-generation AXL decoy receptor is poised to capitalize upon this potential by providing a molecule capable of effectively antagonizing the GAS6/AXL system, with little to no toxicity. Clinical evaluation of MYD1-72 Fc is therefore justified, particularly when used as an adjuvant to standard-of-care chemotherapy.
Methods
Recombinant protein production. AXL Ig1 variants were produced in the methylotrophic yeast Pichia pastoris, as previously described (17) . Briefly, Ig1 variants were cloned into the pPIC9K plasmid (no. V175-20, Thermo Fisher Scientific) with flanking N-and C-terminal FLAG and 6xHIS tags, respectively, and yeast were transformed according to the manufacturer's protocol. Recombinant proteins were purified from conditioned culture supernatant by nickel affinity chromatography followed by removal of N-linked glycans using endoglycosidase H (EndoHf, P0703S, New England Biolabs). Final purification was performed using size-exclusion chromatography. Human GAS6
LG1-2 and both AXL constructs used for crystallography studies were expressed and purified as previously described. All AXL Fc fusion constructs were expressed transiently using the FreeStyle Max (Invitrogen) HEK293 system as previously described. Dimeric Fc fusions were isolated from conditioned culture supernatant using protein A affinity chromatography followed by size exclusion chromatography.
The Kinetic Exclusion Assay. Equilibrium binding and association rate constants for all GAS6-AXL interactions were measured on a Kinetic Exclusion Assay instrument (KinExA, Sapidyne Instruments Inc.) as previously described (17) .
For equilibrium binding studies, 3 independent titrations were completed for each AXL Ig1 or AXL Fc fusion unless otherwise noted. Depending on the affinity of interaction, 3 of the following 4 titrations were performed: (a) 1 ml reactions of 5 nM GAS6, AXL serially dilutreiterated that this dose of BGB324 is on the low end of what has been reported to be effective. The studies on clinical dose escalation have not been published, and it is possible that higher doses of BGB324 would be effective, should they prove to be tolerable.
Collectively, these data demonstrate that the specificity of our biologic allows marked antitumor activity to be achieved with little toxicity. These effects are equivalent to what can be attained by TKIs at their maximally tolerated dose, but carry few, if any, of the off-target risks of those compounds.
An unexpected result from the 4T1 study was that treatment with MYD1-72 Fc substantially reduced primary tumor growth. Immunohistochemical analysis of primary tumor samples showed elevated levels of γH2AX, leading us to investigate the link between AXL and the DNA-damage response. Using an RPPA, we uncovered a new relationship between AXL signaling and the DNA-damage response, wherein inhibition of AXL resulted in increased levels of DNA-damage markers such as CHK2, XRCC1, BAX, and BID. Furthermore, we demonstrated that the loss of AXL signaling upon treatment with MYD1-72 Fc leads to phosphorylation of the classical DNA-damage response components ATM, ATR, and RPA32. By performing an EdU incorporation assay with Hu and MYD1-72 Fc, we are proposing a new role for AXL signaling in protecting cancer cells from disruptive replication and fork collapse during the S phase. Based on these data, we concluded that the GAS6/ AXL signaling cascade provides cytoprotection for tumor cells and loss of AXL removes this protection, leading to replication stress and subsequent activation of the DNA-damage response. We showed that these effects were more pronounced when AXL was inhibited on cells cultured under serum-limited conditions, as cells grown in complete growth media showed a negligible increase in γH2AX expression upon treatment with MYD1-72 Fc. This observation is insightful, as it indicates that AXL's protective role is only activated under stress. This provides context to the fact that upregulation of AXL is generally associated with later stage metastatic disease, situations where tumor cells are under severe nutrient and oxygen deprivation. To analyze the association rate of the interactions, the direct inject method was used. For these experiments, 1 μM AXL was serially diluted 1:2.5, and equal volumes of each AXL sample and 500 nM GAS6 were briefly mixed and flowed over the capture beads. Free GAS6 was detected as described, and the data were fit using the KinExA Pro 3.6.2 software to obtain the association rate (K on ) of the interaction. The dissociation rate (K off ) was calculated as the product of the K D and the K on .
Circular dichroism spectroscopy. The circular dichroism spectra of AXL Ig1 variants were measured on a Jasco J-815 circular dichroism spectropolarimeter. Recombinant proteins were diluted to 10 μM in PBS, and ellipticity was measured in the far UV range from 190-260 nm at 20°C in a quartz cuvette with a 1-mm path length. Raw data were transformed to mean residue ellipticity using the following equation: [θ] mrw = (mrw × θ obs )/(10 × l × c), where mrw is the mean molecular weight per residue, θ obs is observed ellipticity in degrees, l is the path length in centimeters, and c is the concentration of protein in grams/ml. Three independent data sets were collected and averaged to obtain the spectrum for each protein, with each data set representing the average of triplicate scans. Figure 8 . Inhibition of AXL in pancreatic cancer improves the efficacy of gemcitabine. Representative images and matched quantification of (A) Ki67, (B) vWF, (C) TUNEL, and (D) γH2AX staining of primary tumor tissue. Error bars represent mean ± SD. n = 10-14. *P < 0.05; **P < 0.01; ****P < 0.0001. Scale bars: 50 μm. ANOVA with Tukey-Kramer test was used for comparing multiple treatments to each other.
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jci.org Volume 127 Number 1 January 2017 to 550 in both chain A and chain B for the GAS6/MYD1-72 Ig1 cocomplex; the WT GAS6/AXL Ig1-2 crystal (PDB ID: 2C5D) structure also did not show electron density for this region. Several cycles of manual model building using COOT and refinement using REFMAC resulted in final R working and R free values of 19.8% and 24.7%, respectively. The Ramachandran statistics are as follows: 96.6% (favored) and 0.64% (outlier). The refinement statistics are provided in Supplemental Table  3 . All crystal structure figures were created using PyMOL (45) . Analysis of intermolecular contacts. The intermolecular contacts between GAS6 and MYD1 A72V in the cocomplex were examined as described. Briefly, the binding interface was analyzed using the PDBePISA (46) server v1.47 (http://www.ebi.ac.uk/pdbe/prot_int/ pistart.html) utilizing a cutoff of 3.5 Å and 4.0 Å for hydrogen bonds and electrostatic interactions, respectively. Analysis was performed in a manner identical to that used with the prior GAS6/MYD1 structure to enable direct comparison.
Analysis of van der Waals contacts. The van der Waals contacts between the side chain of the residue at position 72 and surrounding residues were determined using the WHAT IF server. A contact is defined as 2 atoms for which the distance between the van der Waals surfaces is less than 1.0 Å. The WHAT IF algorithm uses the following van der Waals radii: C: 1.8 Å; O:1.4 Å; N:1.7 Å; S: 2.0 Å.
In vivo tumor models. For all in vivo studies, 6-week-old, female nude (nu/nu) mice (Jackson Laboratory) were used. In all studies, animals displaying signs of morbidity were removed from the study immediately.
To establish orthotopic mammary tumors, 5 × 10 4 4T1 luciferase cells (47) (a gift from Marta Vilalta, Stanford University) were injected in a volume of 50 μl of DMEM into the mammary fat pad. Tumor engraftment was confirmed 4 days after tumor inoculation by bioluminescence imaging using an IVIS 200 (PerkinElmer). Treatment was initiated 4 days after inoculation for both studies. In the initial study comparing MYD1 Fc and MYD1-72 Fc, proteins were administered i.v. twice a week via tail vein injection in a volume of 200 μl at 0.5 mg/ kg. In the second study comparing MYD1-72 Fc and the small molecule TKIs, proteins were administered daily via i.p. injections at 1 mg/ kg. BGB324 (Selleckchem LLC) and foretinib (MedChem) were given twice daily via oral gavage at 12.5 mg/kg. Small molecules were administered twice daily via oral gavage. On day 24, mice were sacrificed 10 minutes after receiving a single i.p. injection of d-luciferin. Ex vivo bioluminescent imaging of the lungs and spleen was performed using an IVIS 200, and images were analyzed using Living Image software v4.3.1 to quantify lung metastases.
In both the skov3.ip (a gift from Gordon Mills at MD Anderson Cancer Center, Houston, Texas, USA) and OVCAR8 ovarian cancer models (NCI-Frederick Division of Cancer Treatment and Diagnosis [DCTD] tumor cell line repository), diffuse metastatic disease was established by injecting 1 × 10 6 cells i.p. Tumors were allowed to establish for 1 week prior to treatment, and on day 5, a subset of animals were sacrificed to confirm the presence of visible macroscopic disease. In both studies, MYD1-72 Fc was administered at 1 mg/kg i.p. daily, doxorubicin (APP Pharmaceuticals) at 2 mg/kg was administered i.p. twice a week, or both were administered as described for a total of 3 weeks. Animals were sacrificed on day 28, and metastatic burden was assessed by counting the number of visible metastatic lesions in the peritoneal cavity as well as excising and weighing all tumor tissue. The orthotropic LM-P pancreatic adenocarcinoma model (a gift from Edgar Engleman at Stanford University ) was established as previCrystallization and data collection of GAS6/AXL cocomplexes. Crystallization for the 2:2 GAS6/MYD1-72 Ig1-2 cocomplex was performed as previously described (22) . Briefly, purified WT GAS6 and MYD1-72 Ig1-2 were mixed in a 1:1 molar ratio and allowed to complex at room temperature for 24 hours. The cocomplexes were purified using size exclusion chromatography to remove any unreacted components and were buffer exchanged into 25 mM Na-HEPES, 150 mM NaCl, and 1 mM calcium acetate to a final concentration of 10 mg/ ml. Crystals for the GAS6/MYD1-72 cocomplex were grown at room temperature by the hanging-drop vapor-diffusion method with a 1:1 mixture (1.2 μl each) of the complex solution (5.6 mg/ml) and the well solution containing 0.15 M Li 2 SO 4 , 0.1 M Tris-HCl (pH 8.5), 5% glycerol, and 2 mM Ni 2 SO 4 . For cryocooling, the crystals were dipped in a solution containing 38 parts of 1 M Li 2 SO 4 , 0.1 M Tris-HCl (pH 8.5), 0.1 M NaCl, and 12 parts of 100% glycerol. Diffraction data sets for the GAS6/MYD1-72 cocomplex (3.5Å) were collected at 100 K using the Stanford Synchrotron Radiation Lightsource (SSRL) beamline 12-2 at a wavelength of 0.98Å. Data were indexed and integrated using the XDS package. The crystals belong to space group P3 2 21 and contain 2 monomers per symmetric unit. The crystallographic data are summarized in Supplemental Table 3 . Several attempts to improve the resolution by using various additives, crystal dehydration experiments, and changes in the cryocooling procedure were unsuccessful.
Nearly identical conditions were used to crystalize the 1:1 GAS6/ MYD1-72 Ig1 cocomplex. Briefly, purified WT GAS6 and MYD1-72 Ig1 were mixed in a 1:1 molar ratio and allowed to complex at room temperature for 24 hours. The cocomplexes were purified using size exclusion chromatography to remove any uncomplexed components and buffer exchanged into 25 mM Na-HEPES, 150 mM NaCl, and 1 mM calcium acetate to a final concentration of 10 mg/ml. Crystals for the GAS6/MYD1-72 Ig1 cocomplex were grown at room temperature by the hanging-drop vapor-diffusion method with a 1:1 mixture (1.2 μl each) of the complex solution (9.8 mg/ml) and the well solution containing 0.7 M Li 2 SO 4 and 0.1 M Tris-HCl (pH 8.4). For cryocooling, the crystals were dipped in a solution containing 38 parts of 1.1 M Li 2 SO 4 , 0.1 M Tris-HCl (pH 8.4), 0.1 M NaCl, and 12 parts of 100% glycerol. Before cryocooling, crystals were slightly dehydrated by placing the cover slip over 1 M Li 2 SO 4 , 0.1 M Tris-HCl (pH 8.4) well solution for 8 hours. The diffraction data set for the GAS6/MYD1-72 Ig1 cocomplex (2.3 Å) was collected at 100 K using the SSRL beamline 12-2 at a wavelength of 0.98 Å. Data were indexed and integrated using the XDS package. The crystals belong to space group P2 1 2 1 2 1 and contain 2 monomers per symmetric unit. The crystallographic data are summarized in Supplemental Table 3 . Crystals were also grown from 3 other crystallization conditions, but they showed weaker diffraction.
Structure determination and refinement. For the GAS6/MYD1-72 Ig1-2 cocomplex, initial phases were obtained by molecular replacement by using the program MOLREP and the coordinates of the WT GAS6/AXL crystal structure (PDB ID: 2C5D) as the search model. Several cycles of manual model building using COOT (43) and refinement using REFMAC (44) resulted in final R working and R free values of 20.3% and 24.5%, respectively. The Ramachandran statistics are as follows: 93.28 (favored) and 1.15 (outlier). The refinement statistics are provided in Supplemental Table 3 . The structure of the GAS6/MYD1-72 Ig1 cocomplex was similarly solved by molecular replacement, again using the coordinates of the WT structure as the search model. No electron density was observed for the loop of GAS6 from residues 542 jci.org Volume 127 Number 1 January 2017
Scientific) or anti-mouse FITC (no. 62-6511, Thermo Fisher Scientific) for 1 hour at 37°C and counterstained with Prolong Mounting Medium with DAPI. Positive foci intensities were calculated using Imagine Software Metamorph. EdU (5-ethynyl-2′-deoxyuridine) labeling and costaining were carried out according to the manufacturer's instructions (no. C10637, Thermo Fisher Scientific). γH2AX staining was performed as described above. Cells were visualized using a Leica DM6000 B microscope with Leica Application Suite X software. EdU was used at a concentration of 10 μM. EdU labeling was carried out for 1 hour in all cases; for conditions including drug treatments, EdU was added during the last hour of treatment. Experiments were carried out in triplicate. Quantification of staining: positive γH2AX staining refers to cells with over 8 foci and pan-nuclear staining. For Hu-treated groups, γH2AX-positive cells refers to cells where a pannuclear staining pattern (typically associated with replication stress) was observed.
Statistics. ANOVA with Tukey-Kramer test was used for comparing multiple treatment groups with each other. P < 0.05 was considered significant. Repeated measure ANOVA was used for comparing multiple treatment groups measured over time. Statistical analysis of survival curves was conducted in the pancreatic cancer survival study. A log-rank (Mantel-Cox) test was performed to compare mean survival among groups; P ≤ 0.05 was considered statistically significant.
Study approval. All procedures involving animals and their care and use were approved by the Institutional Animal Care and Usage Committee of Stanford University.
